ABSTRACT In vitro phosphorylation of the regulatory subunit of yeast cAMP-dependent protein kinase was studied. The cAMP-binding regulatory subunit (R subunit) can be multiply phosphorylated. Three distinct phosphorylation sites were inferred from the different ATP concentrations required for phosphorylation and from the presence of two discrete mobility shifts in NaDodSO4/polyacrylamide gel electrophoresis of the R subunit on phosphorylation. Limited tryptic digestion of the phosphorylated R subunit showed that a Mr 37,000 cAMP-binding peptide contained one ofthe phosphorylation sites and that a separate Mr 12,000 peptide contained another phosphorylation site. The yeast R subunit is therefore similar to the type H R subunit of mammalian origin, although it has a larger Mr (64,000 vs. 58,000) and is multiply phosphorylated. In vivo, both phosphorylated and unphosphorylated forms of the R subunit were found in cells grown in lactate or to stationary phase in 1.5% glucose, while cells grown in 5% glucose contained the unphosphorylated form.
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Modification of a protein by phosphorylation and dephosphorylation is an important regulatory mechanism in cellular metabolism. Many of these phosphorylation reactions are carried out by the cAMP-dependent protein kinases (1) . The kinase holoenzyme contains two catalytic subunits and two cAMPbinding regulatory subunits (R subunits). On binding cAMP, the R subunits separate from the holoenzyme, thereby freeing and activating the catalytic subunits. In mammalian systems, there are two types (I and II) ofcAMP-dependent protein kinase that differ only in their respective R subunits. Both of these enzymes, which catalyze protein phosphorylation, are themselves phosphorylated (2, 3, 4, 5) . Phosphorylation of type II cAMP-dependent protein kinase has been extensively studied because the purified enzyme can catalyze a self-phosphorylation reaction whereas the type I enzyme does not (3, 4, 5) . The selfphosphorylation reaction can occur in the absence ofcAMP and the site of phosphorylation has been found to be in the R subunit. Phosphorylation ofthe R subunit has been shown to affect cAMP binding and the association of regulatory and catalytic subunits (3, 5) .
Recently, we have shown that cAMP inhibits the outgrowth of Kluyveromyces (Saccharomyces) fragilis from the lag phase and that the inhibition can be prevented by methionine or Sadenosylmethionine (6) . In studying the underlying biochemical mechanism of cAMP inhibition, we have isolated a cAMPdependent protein kinase from this yeast (7) and found that, in contrast to earlier reports of a low molecular weight enzyme in bakers' yeast (8) , our yeast enzyme has a molecular weight similar to that ofthe type II protein kinase present in animal tissues. The cAMP-binding R subunit of our yeast enzyme has a Mr of 64,000, which is somewhat higher than that (57,000) of type II protein kinase. By using 8-azidoadenosine 3',5'-[32P]phosphate (8-N3-[32P]cAMP) photoaffinity labeling techniques, we found a slower migrating (Mr -68,000) cAMP-binding band in NaDodSO4/polyacrylamide gel electrophoresis. The intensity of the band varies from preparation to preparation. We report here that this slower migrating band is the phosphorylated form ofthe R subunit and that the degree ofphosphorylation depends on the metabolic carbon source.
MATERIALS AND METHODS
K. fragilis (ATCC 10022) was grown in yeast extract/peptone medium (9) supplemented with 5% or 1.5% glucose or 2% lactate. The cells were harvested at midlogarithmic phase or as indicated and used the same day for preparation of cAMP-dependent protein kinase. We have found that freezing and thawing of cell paste led to formation of a low molecular weight cAMP-binding protein (7) .
For preparation of cAMP-dependent protein kinase, yeast cells grown in 5% glucose were broken in buffer A [20 mM Tris-HOAc, pH 7.5/10 mM KCV10 mM Mg(OAc)2, 2 mM dithiothreitol/0. 1 mM EDTA] containing the proteolytic inhibitors phenylmethylsulfonyl fluoride (2.0 mM) and p-aminobenzamidine (10 mM). cAMP-dependent protein kinase was purified as described (7) . Photoaffinity labeling ofcAMP-binding proteins with 8-N3-[32P]cAMP was as described (7) except that, in some experiments, ATP The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
Proc. Natd Acad. Sci. USA 79 (1982) mobility of a minor cAMP-binding protein (Mr, 37,000), previously identified as axproteolytic product of the R subunit (7), was not affected by incubation with ATP ( Fig. 1, lanes 1 and  2) . Furthermore, limited trypsin hydrolysis of both ATPtreated and untreated R subunits yielded a similar Mr 37,000 cAMP-binding peptide (lanes 4 and 5). These results indicate that the Mr 64,000 and 68,000 cAMP-binding proteins were the same and that incubation of the protein kinase with ATP has modified the Mr 64,000 R subunit, leading to a shift in mobility.
The enzyme was incubated with 1 puM [y-32P]ATP to determine whether phosphorylation had led to the mobility shift of the R subunit. Fig. 2 Limited tryptic digestion of the phosphorylated R subunit was used to show the presence ofdistinct phosphorylation sites. Two types of 32P-labeled R subunits were digested with trypsin (Fig. 5) . In one, 32p labels were introduced by incubating at a low (9.3 nM) concentration of [y-32P]ATP followed by a chase with unlabeled 2 ,uM ATP. Tryptic digestion led to the formation of a Mr 37,000 peptide containing most of the 32P label (Fig. 5A ). This result indicates that the Mr 37,000 peptide containing the cAMP binding site (Fig. 1) Ci/mmol (A) or 67 Ci/mmol (B)]. The mixtures were incubated in the dark for 30 min at 40C and then exposed to UV light for 5 min. Reactions were stopped by addition of trichloroacetic acid and the precipitates were analyzed by NaDodSO4 gel electrophoresis as described (7) . (A) Lanes: 1, 14C-labeled molecular weight standards; 2, S100 (242 pg of protein) prepared from yeast grown to stationary phase in 1.5% glucose; 3, S100 (252 ,ug) prepared from lactate-grown yeast. (B) Lanes: 1, 14C-labeled molecular weight standards; 2, S100 (270 /.g) prepared from yeast grown to midlogarithmic phase in 5% glucose.
Similar results were obtained with extracts of stationary phase cells grown in 1.5% glucose. In contrast, cells grown to midlogarithmic phase in 5% glucose contained only the Mr 64,000 band, indicating no or single-site phosphorylation of the R subunit. These data are consistent with the finding ofa low cellular cAMP concentration in glucose-grown cells and a high cAMP concentration in stationary phase or lactate-grown cells (15) . Our findings also suggest that the in vivo phosphorylation state of cAMP-dependent protein kinase is under metabolic control. The mammalian type II R subunit has been found to be mainly in the phosphorylated form (11) and, in contrast to the yeast R subunit, variation in phosphorylation state has not been reported with metabolic changes. The yeast enzyme should therefore be a good system to study the biological significance of phosphorylation of protein kinase.
